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INTRODUCTION 
The X-33Nenturestar program is a single stage to orbit design that is intended to replace 
the existing Space Shuttle system. Among the many differences between the X-33 and the 
Shuttle are those aimed at reducing maintenance costs and schedules. One of the most 
significant contributors to maintenance on the Shuttle is the thermal protection system 
(TPS) which consists of ceramic tiles in the hot areas and insulating blankets in the cooler 
areas. Rohr is the TPS integrator for the TPS on the X-33 and significant changes have 
been made to produce a durable TPS system with minimum maintenance requirements. 
The windward (hottest) surface of the X-33 is illustrated in Figure 1 showing the 
distribution of different TPS materials. The hottest areas use Carbon-Carbon TPS, the 
coolest areas use Inconel 617 honeycomb sandwich structures and the intermediate 
temperature areas use a PM 1000 (an oxide dispersion strengthened) honeycomb sandwich 
structure. The metallic TPS structures are all similar in construction, consisting of two 
skins, approximately 150 Ilm thick, brazed to honeycomb core of the same material. The 
core is 12.7 mm high and has a cell size of 4.8 mm. There are approximately 1600 metallic 
TPS parts on the X-33 and inspections of the core to skin bonds are required on both sides. 
The critical defect size that needs to be detected is in the region of 1.3 to 2.5 rnm. 
INSPECTION OF THERMAL PROTECTION SYSTEMS 
The normal method used at Rohr for inspecting brazed honeycomb sandwich structures 
is ultrasonics, pulse echo and through transmission. For this program, the large number of 
parts to be inspected in a very short time and the lack of similarity between all the parts led 
to a desire to find an effective, but less expensive, inspection method. A set of 12 samples 
with programmed (and natural) defects was manufactured for this NDE development. 
Ultrasonic Testing 
During development and prototype phases of product development at Rohr, ultrasonic 
inspection is normally performed using pulse echo; in manufacturing, both pulse echo and 
through transmission are used. Previous work [1] demonstrated that pulse echo ultrasonic 
testing can detect all types of defects in brazed and diffusion bonded honeycomb sandwich 
structures, including intimate contact disbonds. 
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Figure l. View ofX-33NentureStar windward surface TPS. 
An example of ultrasonic data from an Inconel617 honeycomb sandwich test sample is 
shown in Figure 2. The data were acquired using a Panametrics Multiscan system with a 
15 MHz broadband transducer with a 6.35 mm diameter and a 25 mm focal length. 
Ultrasonic C Scans (at 250 ~m index) in through transmission and from both sides in pulse 
echo are shown along with magnified views of different defect types. The first image (a) 
shows one side of the part in pulse echo (gated on the backwall echo from the skin) and 
programmed defects can be seen (particularly in the magnified view below). The second 
image (b) shows the opposite side of the part in pulse echo and natural defects can be seen. 
The through transmission image (c) shows defects of both types and a magnified view ofa 
natural defect is shown below. The dark linear feature towards the top of image (a) is a 
crease in the skin created during manufacturing. 
Ultrasonic testing is relatively easy to perform on flat parts (although gating on 150 ~m 
thick skins requires high performance equipment). The complications arise when 
contoured parts are inspected as the transducer must be maintained normal to the part with 
a high degree of accuracy. As many of the parts have different shapes, this would involve 
individually programming each shape, a very time-consuming exercise. 
Thermographic Testing 
Previous feasibility testing had indicated considerable potential for pulsed infrared 
thermographic testing. The testing was kindly performed by Thermal Wave Imaging, Inc. 
and used a 256 by 256 pixel InSb focal plane array camera which had a 25 mK Noise 
Equivalent Detection Temperature (NEDT). A 12.8 kJ twin tube flash with a 5 ms duration 
was used to heat the surfaces of the samples which had previously been coated with a matte 
black paint to increase their emissivity. Series of images at 60 frames per second were 
stored on disc and subsequently analyzed. EchoTherm® software was used for all data 
acquisition and analysis. Optimum contrast was found approximately 100 ms after the 
flash and various image processing functions were used to further improve the contrast. 
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Figure 2. Ultrasonic Images of Brazed Inconel 617 Honeycomb Sandwich Parts . 
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Figure 3. Thermographic images of brazed Inconel 617 honeycomb sandwich parts. 
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Typical images from one of the programmed defect standards can be seen in Figure 3 
where disbonds caused the skin above to remain hotter. Both natural and programmed 
defects could be discerned as breaks in the cell wall images. Better images could have been 
obtained by examining smaller areas but practical considerations required the inspection, if 
possible, of the whole of one of the samples at a time. Towards the right hand side of the 
upper image in Figure 3 (a) are some cells with much thicker, darker cell wall images. 
These, and two cells that were completely black, were attributed to water ingress during 
ultrasonic testing and were significantly reduced by hea~ing the sample in an oven. 
Optical Testing 
Two forms of optical testing were investigated - shearography (imaging displacement 
gradient) and holography (imaging displacement), kindly provided by Laser Technology, 
Inc. Feasibility of shearographic testing was performed on similar parts to the reference 
standards previously mentioned. Optimum stressing of the parts was achieved using swept 
frequency vibration around 30 kHz, just below the resonant frequency of the skins above 
the interior of cells. Thermal, sound and vacuum stressing were found to be less effective. 
The parts were coated with white paint to prevent specular reflections. The problem with 
shearography was that, while small defects could be detected, the setup (frequency range) 
for each part was different and different frequencies would be required for the edges of 
parts or around inserts (used for attaching the parts to the vehicle). An example of a 
shearographic image can be seen in Figure 4 (a) where the white areas indicate defects, 
except around the edge where structural resonance is occurring. 
Holography was performed on unpainted parts using vacuum stressing (-100 kPa), the 
most effective stressing method. An example of a holographic image from part of one of 
the programmed defect samples can be seen in Figure 4 (b) where two defects are indicated 
and are surrounded by strain contours. It is relatively easy to see the defects but it is also 
difficult to inspect a large image and reliably find all the defect indications. A problem that 
was encountered was that of vacuum leaks in the part. Vacuum tightness of the honeycomb 
cells is not controlled in these parts and significant fractions of some parts leaked so that 
the differential pressure was lost, rendering those areas uninspectable. This appeared to be 
an insurmountable problem but data were collected from those areas that did not leak. 
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(a) Shearography 
Vibration Excitation 
(b) Holography 
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Figure 4. Optical images of brazed Inconel 617 honeycomb sandwich parts. 
Probability of Detection Calculations 
In the past, characterization of inspection methods was difficult to quantify. Typically, 
parts would be manufactured with programmed defects and, when those programmed 
defects could be seen during the inspection, the method would be deemed capable. The 
problem with this method is that it is not quantitative and only takes account of the ultimate 
capability of a method. The human factors, which often dominate, are ignored. 
The method of quantifying inspection capability and including human factors is called 
Probability of Detection (POD) and it has gained widespread acceptance over the last few 
years. This assesses the probability of detecting defects of differing sizes and is often 
expressed in terms of a POD curve. The Probability of Detection calculations used at Rohr 
are based on the maximum likelihood estimator approach as developed by UDRI for the 
USAF as a draft MIL-STD [2]; because of the move to reduce use of MIL standards, this 
document was never published. The maximum likelihood estimator is a particularly useful 
tool for the analysis of binary (hit-miss) data such as those generated by ultrasonic, 
thermographic or shearographic/holographic systems. In addition to calculating the POD 
data themselves, an additional parameter representing the lower 95% confidence bound of 
the 90% POD is defined, referred to as A90/95. This particular parameter is the most 
commonly used definition of inspectability. 
INSPECTION RESULTS 
A total of 12 samples were manufactured, each containing 18 programmed defects, and 
were inspected using each of the three methods, by two separate operators in the case of 
ultrasonics and thermography. The positions and sizes of the programmed defects were 
known but the positions and sizes of the natural defects were determined by pulse echo 
ultrasonic testing, as this is known to detect all defect types [1]. An equipment problem 
lead to the generation of poor quality ultrasonic data on one of the samples. This would 
normally have been immediately repeated but other priorities prevented this. Data from the 
affected area of that one sample were excluded from the pulse echo analysis. In the 
thermographic inspection, masking from the painting operation obscured some areas. As 
already mentioned, leaks masked some areas from holography inspection. 
Table 1. Inspection results using ultrasonics, thermography and holography 
Programmed Natural Total 
Method Operator Number Found % Number Found % Number Found % 
PEUT 1 198 194 98.0 34 34 100.0 232 228 98.3 
PEUT 2 198 195 98.5 34 9 26.5 232 204 87.9 
PEUT 1+2 396 389 98.2 68 43 63.2 464 432 93.1 
TTUT 1 216 212 98.1 35 14 40.0 251 226 90.0 
TIUT 2 216 206 95.4 35 11 31.4 251 217 86.5 
TIUT 1+2 432 418 96.8 70 25 35.7 502 443 88.2 
Th I 216 215 99.5 27 10 37.0 243 225 92.6 
Th 2 216 214 99.1 14 0 0.0 230 214 93.0 
Th 1+2 432 429 99.3 41 10 24.4 473 439 92.8 
HoI All 216 134 62.0 25 4 16.0 241 138 57.3 
Hoi Ex Leak 173 134 77.5 21 4 19.0 194 138 71.1 
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The results of the inspections are shown in Table I, for both programmed and natural 
defects. Pulse echo ultrasonics was very effective for both operators on the programmed 
defects but operator 2 was significantly less effective at detecting the natural defects. 
Through transmission ultrasonics was slightly less effective at detecting both the 
programmed and natural defects. Thermography was about as effective as pulse echo 
ultrasonics and little difference was seen between the two operators. Holography was 
significantly less effective at detecting both programmed and natural defects. 
An example of a POD curve is shown in Figure 5 for pulse echo ultrasonic inspection. 
It can be seen that these is a significant difference between the two operators, operator I 
finding a higher fraction of defects of all sizes. Both operators were equally experienced 
and the differences are a reflection of personal traits such as diligence and conservatism. 
The same two operators also performed the through transmission ultrasonic inspection, 
whose POD curves are shown in Figure 6. In this case, operator 2 performs better for small 
defect sizes while operator I has a better detection rate for slightly larger defects. All 
subsequent analysis combined the data sets for all operators. 
POD curves for all three methods (using pulse echo in the case of ultrasonics) are shown 
in Figure 7. It can be seen that pulse echo ultrasonic testing is the best method for very 
small defects «1.5 mm long) but thermography is marginally better for larger defects. As 
the crossover occurs very close to the 90% POD level, their detectable limits would be 
expected to be very similar. The results obtained for holography were markedly inferior for 
all defects sizes. The comparison between pulse echo ultrasonic testing and thermography 
is particularly interesting. The higher slope for the thermography POD curve is a result of 
the good signal to noise ratio obtained with this method while the cutoff at small defect 
sizes is a function of the number of pixels contributing to the image of a cell wall. Superior 
performance could be obtained from thermography by increasing the optical magnification 
but the area inspected would be less and the time to inspect a given area would increase . 
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Figure 5, Probability of detection curves for pulse echo ultrasonic testing, 
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Figure 6. Probability of detection curves for through transmission ultrasonic testing 
A summary of the POD data is shown in Table 2. For each method, it lists the 
percentage of defects found, the 90% POD (A90) and the lower 95% confidence bound for 
the 90% POD (A90/95). If the A90/95 values for all operators are examined, it can be seen 
that pulse echo ultrasonic testing and thermography produced almost identical results. The 
poorer performance of holography, even excluding the areas that leaked, is also evident. 
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Figure 7. Probability of detection curves for all three inspection methods 
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Table 2 . Summary of probability of detection results for all inspection methods 
Method Operator % Found A90 (inches) A90/95 (inches) 
PEUT 1 98.0 0.019 0.044 
PEUT 2 98.5 0.071 0.091 
PEUT 1+2 98.2 0.057 0.070 
TTUT 1 98.1 0.065 0.082 
TTUT 2 95.4 0.082 0.111 
TTUT 1+2 96.8 0.073 0.087 
Th 1 99.5 0.067 0.071 
Th 2 99.1 0.078 0.060 
Th 1+2 99.3 0.059 0.069 
Hoi Including Leaks 62.0 0.275 0.605 
Hoi Excluding Leaks 77.5 0.140 0.214 
As a result of this work, Rohr has commissioned a pulsed infrared thermograp.hy system 
comprising a 640 x 512 pixel InSb (3-5 ~m) camera with a 10 mK NEDT, a maximum 
frame rate of 120 S·l and a 12.8 kJ, 5 ms flash system. All control, data collection and 
analysis will be carried out on Pentium IT based computers running Windows NT and 
Thermal Wave Imaging EchoTherm® software. All parts will be coated with a water 
washable black paint prior to inspection and areas of 315 x 250 mm will be inspected in 
one image. 
CONCLUSIONS 
Infrared thermography has been shown to be an effective method for inspecting brazed 
inconel honeycomb sandwich thermal protection systems. It has an inspection limit 
equivalent to that for pulse echo ultrasonic testing and can be further improved, at the 
expense of inspection time. 
Shearography and holography are not suitable inspection methods for the types of parts 
discussed here. While both methods are capable of finding the defects, they both have 
practical limitations that preclude their use for production inspection. In the case of 
shearography, the limitation is that the excitation frequency range would need to be 
established for each part. For holography, the leaking of significant numbers of cells 
severely limits its application. 
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